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Robert W. Lewis and G l e n n Murphy I . ABSTRACT T e n s i l e t e s t s were made on specimens of uranium a t s t r a i n ! r a t e s v a r y i n g from 0.0003 m i n -1 t o 0.003 m i n -1 and a t temperat u r e s from 25°C t o 300°C t o study t h e e f f e c t of t h e s e v a r i a b l e s on t h e s t r a i n hardening of t h e metal. A t room temperatures an i n c r e a s e j n y i e l d s t r e n g t h of 100 p e r c e n t may be induced by a p r i o r l o a d i n g i n t o t h e p l a s t i c range. W i t h i n t h e l i m i t s s t u d i e d t h e e f f e c t of r a t e of s t r a i n upon s t r a i n hardening i s n e g l i g i b l e . O t h e r f a c t o r s being equal, t h e p o t e n t i a l s t r a i n hardening d e c r e a s e s w i t h a n i n c r e a s e i n temperature. The d a t a j a r e p r e s e n t e d i n . t a b l e s and on graphs.
/-

INTRODUCTION One important c h a r a c t e r i s t i c of m e t a l s i s t h e i r a b i l i t y t o s t r a i n harden. A d i r e c t method of s t u d y i n g s t r a i n hardeni n g i s t o examine t h e simple r e l a t i o n between stress and s t r a i n a s may be obtained from a t e n s i l e t e s t . I n t h i s i n v e s t i g a -
t i o n uranium was s u b j e c t e d t o t e n s i l e t e s t s i n which t h e parameters of temperature, s t r a i n r a t e and load c y c l i n g a r e v a r i e d i n o r d e r t o determine t h e i n f l u e n c e of each on t h e s t r a i n hardening p r o p e r t i e s of t h e metal.
S t r a i n hardening may be defined, f o r t h i s i n v e s t i g a t i o n , a s t h e i n c r e a s e i n t h e s t r e n g t h of a metal t h a t occurs a f t e r t h e metal h a s s t a r t e d ' t o s l i p . T h i s d e f i n i t i o n must be l i m i t e d t o s t r a i n t a k i n g p l a c e a t a c o n s t a n t r a t e t o avold b e i n g a p p l i c a b l e t o a v i s c o u s f l u i d . P e r h a p s t h e best i n d ic a t i o n t h a t s t r a i n hardening has occurred i n a specimen i s a n i n c r e a s e i n i t s y i e l d s t r e n g t h . Changes i n o t h e r propert i e s may a l s o be i n d i c a t i v e . Various i n v e s t i g a t o r s have observed changes i n t h e d e n s i t y , e l e c t r i c a l c o h d u c t i v i t y ,
magnetic p r o p e r t i e s ; r e s i s t a n c e t o wear* and i n d e n t a t i o n hardn e s s which accompany t h e phenomenon of $ t r a i n hardening. The i n s t a n t a n e o u s r a t e of s t r a i n hardening i s u s u a l l y thought of a s t h e s l o p e of t h e stress s t r a i n curve of a c o n s t a n t s t r a i n r a t e t e s t i n t h e inelastic range of stress.
* T h i s r e p o r t i s based on a M S t h e s i s by Robert Wells Lewis, submitted June, 1954, a t Iowa S t a t e College, A m e s , Iowa. T h i s work was performed under c o n t r a c t w i t h t h e Atomic Energy Commission.
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The scope o f t h e experimental program was l i m i t e d by t h e a v a i l a b l e equipment and by t h e d i f f i c u l t y i n t e s t i n g uranium a t h i g h temperatures. The tests were conducted on a s h o r t time b a s i s u s i n g a n o r d i n a r y t e n s i l e t e s t i n g machine,. w h i l e t h e s t r a i n r a t e was v a r i e d from 0.0003 in./in./min t o 0.003 in./in./min.
The magnitude of s t r a i n f o r each l o a d i n g c y c l e was v a r i e d from 0.003 in./in./cycle t o 0.009 in./in./ c y c l e . One loadJng c y c l e c o n s i s t e d of l o a d i n g t o a given s t r a i n and unloading.
The range of t e s t t e m p e r a t u r e s was from 2 5°C t o 300°C
REVIEW OF LITERATURE
T h e o r i e s t h a t e x p l a i n s t r a i n hardening i n m e t a l c r y s t a l s , on t h e atomic l e v e l , a r e n e c e s s a r i l y based on an atomic theory of s l i p . T h e acctepted t h e o r y t h a t e x p l a i n s s l i p i n metal c r y s t a l s i s known a s d i s l o c a t i o n t h e o r . D i s l o c a t i o n t h e o r y was i n t r o d u c e d about 1934 by Taylor (1 3 , Orowan ( 2 ) and o t h e r s . The main f e a t u r e s of t h e d i s l o c a t i o n t h e o r y a r e a s follows:
1. P e r f e c t c r y s t a l s a r e very s t r o n g .
2.
Actual c r y s t a l s a r e n e a r l y p e r f e c t b u t c o n t a i n imperfec--t i o n s . The c r i t i c a l s h e a r i n g . s t r e n g t h of t h e c r y s t a l i s v e r y s e n s i t i v e t o t h e s e i m p e r f e c t i o n s . The f o l l o w i n g t h e o r i e s of s t r a i n hardening may be grouped i n t o t h r e e d i v i s i o n s ; t h e e x h a u s t i o n t y p e theory, t h e d i s l o c at i o n impediment t y p e t h e o r y and t h e d i s l o c a t i o n i n t e r a c t i o n t y p e t h e o r y .
. S l i p does n o t t a k e
based on t h e concept t h a t a l l m e t a l s c o n t a i n a f i n i t e number o f . r e g i o n s of h i g h i n t e r n a l stress. From each of t h e s e r e g i o n s a d i s l o c a t i o n may be l i b e r a t e d by t h e a p p l i c a t i o n of a s u f f i ci e n t l y l a r g e e x t e r n a l stress. These r e g i o n s a r e c a l l e d p a r t i a l d i s l o c a t i o n s , and t h e stress n e c e s s a r y ' t o c o n v e r t them t o mobile d i s l o c a t i o n s i s . c a l l e d t h e a c t i v a t i o n stress. T h i s t h e o r y assumes t h a t hardening r e s u l t s from t h e exhaustion of t h e supply i n w h i c h d i s l o c a t i o n s a r e n o t a l r e a d y p r e s e n t i n a low-energy s t a t e b u t a r e g e n e r a t e d by a mechanism known a s a Frank-Read mechanism ( 5 ) . Koehler assumed t h a t hardening r e s u l t e d because these mechanisms could g e n e r a t e only a l i m i t e d number of d i s l o c a t i o n s a t a c e r t a i n energy l e v e l . , He based t h i s assumption on e l e c t r o n microscope d a t a published by Brown, who found o n l y a f i n i t e amount of g l i d e p e r s l i p l a m e l l a i n aluminum.
The d i s l o c a t i o n impediment type t h e o r y e x p l a i n s hardening a s t h e ' r e s u l t of impediments t o t h e movement of d i slocations. I n T a y l o r ' s o r i g i n a l paper on d i s l o c a t i o n t h e o r y he d e s c r i b e d a t h e o r y of hardening t h a t i s of t h i s type. By computing the t h e o r e t i c a l stress f i e l d t h a t would surround a d i s l o c a t i o n , he i l l u s t r a t e d t h e manner i n which d i s l o c a t i o n s would be o b s t r u c t e d i n t h e i r movement by d i s l o c a t i o n s i n p a r a l l e l s l i p p l a n e s . From h i s a n a l y s i s he concluded t h a t a l a r g e number of f a u l t s o r d i s l o c a t i o n s would harden a c r y s t a l i n s t e a d of weakening i t because the d i s l o c a t i o n s would i n t e r f e r e w i t h the movement of e a c h o t h e r . T a y l o r ' s t h e o r y i s weakened by the f a c t t h a t a t h e o r y of t h i s type does n o t e x p l a i n why t h e d i s l o c a t i o n s do n o t move back when t h e stress i s r e v e r s e d .
M o t t ' s t h e o r y (6) of s t r a i n hardening f a l l s i n t o t h e impediment ' c l a s s a l s o . H i s t h e o r y i s very s i m i l a r t o T a y l o r ' s t h e o r y except he makes use of an o b s t a c l e c a l l e d a sessile d i s l o c a t i o n . Lomer (7) d e s c r i b e d a s e s s i l e d i s l o c a t i o n a s a d i s l o c a t i o n t h a t i s formed by the combination of two d i s -
l o c a t i o n s i n t e r s e c t i n g each o t h e r on a given s l i p plane. The r e s u l t i n g d i s l o c a t i o n i s r e s t r i c t e d t o movement on p l a n e s t h a t a r e not common s l i p p l a n e s . According t o M I o t t , t h e forming of these sessile d i s l o c a t i o n s would block f w t h e r movement of mobile d i s l o c a t i o n s and r e s u l t i n i n c r e a s e d s t r e n g t h .
type. The l a s t s e c t i o n described how d i s l o c a t i o n s may be r e s t r i c t e d i n t h e i r movement by t h e c o n d i t i o n s surrounding them such as the stress f i e l d s of o t h e r d i s l o c a t i o n s . D i sl o c a t i o n s may a l s o be r e s t r i c t e d i n t h e i r movement by changes t h a t t a k e p l a c e i n the shape of the d i s l o c a t i o n i t s e l f a s a r e s u l t of i n t e r a c t i o n with o t h e r d i s l o c a t i o n s . Simple geome t r y i n d i c a t e s i n g e n e r a l t h a t a d i s l o c a t i o n t h a t i n t e r s e c t s a n o t h e r d i s l o c a t i o n w i l l lengthen and t h u s i n c r e a s e i t s
energy c o n t e n t . Read, (8) page 82, i l l u s t r a t e d t h i s a c t i o n as shown i n f i g u r e 1. 
d i s l o c a t i o n XY moving on i t s s l i p plane Pxy i s about t o c u t t h e d i s l o c a t i o n AD. l o c a t i o n XY has c u t through AD.
e n i n g i s t h a t i l l u s t r a t e d by Read, (8) page 84.
shows t h a t a jog produced by the i n t e r s e c t i o n of two screw d i s l o c a t i o n s i s r e s t r i c t e d i n i t s movement because i t must climb, o r move p e r p e n d i c u l a r t o t h e s l i p v e c t o r , i n o r d e r t o move w i t h the d i s l o c a t i o n . p e n d i t u r e of energy because i t r e q u i r e s mass t r a n s p o r t of atoms.
Consider AB a s a s t a t i o n a r y screw d i s l o c a t i o n . t h i s d i s l o c a t i o n the c r y s t a l c o n s i s t s of a s i n g l e atomic plane i n the form of a h e l i c o i d , o r s p i r a l ramp. t r a t i o n shows only t h e p l a n e s between t h e atoms. i s a second screw d i s l o c a t i o n moving from r i g h t t o l e f t on a n i n t e r s e c t i n g plane. i t only i n t h e d i r e c t i o n p a r a l l e l t o t h e moving d i s l o c a t i o n , i t must climb t o move along w i t h E I F ' . of F i g u r e 2 r e p r e s e n t s t h e jog. screw d i s l o c a t i o n s t h u s provides a n important f e a t u r e of the s t r a i n hardening.
I n f i g u r e 13 d i sNow AD has a u n i t jog P P I .
A much more important mechanism of i n t e r a c t i o n hard- Figure 2 Climbing r e q u i r e s a g r e a t e r ex-
Due t o
The i l l u sLine EF
When EF r e a c h e s p o i n t A a p o r t i o n of jogs down t o the next plane. Since a jog can g l i d e
The shaded p o r t i o n T h i s f e a t u r e of i n t e r s e c t i n g ISC-527
IV. REVIEW OF THEORETICAL EQUATIOblS RELATING STRESS, STRAIN, STRAIN RATE AND TEMPERATURE
The i n f l u e n c e of stress, s t r a i n , s t r a i n r a t e and tempera t u r e on the mechanical p r o p e r t i e s of metals has been t h e s u b j e c t of numerous i n v e s t i g a t i o n s . Many i n v e s t i g a t o r s have concerned themselves w i t h f i n d i n g the i n f l u e n c e o f only one of these parameters on some p r o p e r t y of t h e metal. For i ns t a n c e , a g r e a t d e a l of work has been done on the problem of determining the i n f l u e n c e of t h e s t r a i n r a t e on t h e y i e l d i n g phenomenon of s t e e l . Equations t h a t r e l a t e stress, s t r a i n , s t r a i n r a t e and temperature a s a s i n g l e valued funct i o n are known as mechanical e q u a t i o n s of s t a t e . The existence of a mechanical e q u a t i o n of s t a t e r e q u i r e s t h a t t h e ' stress n e c e s s a r y t o produce a c e r t a i n s t r a i n a t a given t e mp e r a t u r e depends only on the i n s t a n t a n e o u s v a l u e s o f tempera t u r e and s t r a i n r a t e . Although no simple s i n g l e e q u a t i o n of s t a t e seems l i k e l y t o exist, several equations of this t y p e have been shown t o apply t o v a r i o u s metals over l i m i t e d ranges.
A.
Equivalent S t r a i n Rate Parameter
I n 1944 Zener and Holloman (11, 12) proposed a quant i t a t i v e r e l a t i o n between the e f f e c t s of temperature and s t r a i n r a t e . They suggested t h a t the t r u e stress ( t h e i n s t a n t a n e o u s load d i v i d e d by the i n s t a n t a n e o u s a r e a ) a t a g i v e n s t r a i n E could be expressed by the f u n c t i o n where i s the s t r a i n r a t e , T i s the a b s o l u t e temperature, R i s the u n i v e r s a l g a s c o n s t a n t and Q i s a c o n s t a n t of t h e material. I n gener41 the f u n c t i o n c = f ( e , < , T ) may be considered as a f a m i l y of s u r f a c e s havi;ng o r d i n a t e s of b land h o r i z o n t a l c o -o r d i n a t e s of € and 15 . The symbol'le s i g n i f i e s the e q u a t i o n o f the l i n e formed by the i n t e r s e ct i o n of a plane normal t o the € a x i s and t h e s u r f a c e described by the f u n c t i o n .
10,000 c a l (gm mol)':, for s e v e r a l s t e e l s and s i n o e R i s 1.987 c a l deg'l mol-, the exponent becomes a p p r o x b a t e l y 5OOO/T. The p a r a m e t e r L P 6hen has the value f o r steel. The parameter P i s s e e n t o be a s t r a i n r a t e modified by the temperature.
For low temperatures Q has been measured t o be about
.(
B. V e l o c i t y Modified Temperature Parameter
MacGregor and F i s h e r (13) have proposed t h a t i n s t e a d of e x p r e s s i n g the t r u e stress as a f u n c t i o n of three v a r i a b l e s ,
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7 TL IC _-- f L .
Figure 3 V a r i a t i o n of t h e Function ~= f ( t , i ,~) a t a given s t r a i n € o .
TR, the a b s o l u t e temperature i n degrees Rankine, and E could be combined i n one parameter Tmwould be a v e l o c i t y modified temperature, and the t r u e stress
The parameter Tm .
could be expressed a s a f u n c t i o n of two v a r i a b l e s .
The e x p r e s s i o n f o r T, was given a s where K i s a c o n s t a n t f o r the m a t e r i a l selected, and 5, i s a n a r b i t r a r y r e f e r e n c e s t r a i n r a t e . Equation 5 
from a n e a r l i e r expression,
which i s c r e d i t e d t o Eyring (15) and Kauzman (16) and i s based on a n a b s o l u t e r e a c t i o n r a t e .
C. Equations 7 and 8 a r e e m p i r i c a l a n d e w a t i o n 9 was derived from e q u a t i o n 6. From these r e l a t i o n s a g e n e r a l equation was developed.
General Equation of Flow
Lubahn (14) has d e r i v e d a g e n e r a l e x p r e s s i o n r e l a t i n g stress, s t r a i n , temperature and s t r a i n r a t e . H i s d e r i v a t i o n was based on c e r t a i ' n r e l a t i o n s t h a t have been o b s e r t e d i n metals.
I
I n t h i s e q u a t i o n C, D, E, F, G and € o a r e c o e f f i c i e n t s .
V. THE EXPERIMENTAL PROGRAM
The experimental program included t h i r t y -s i x t e n s i l e tests. I n e a c h t e s t the temperature was held c o n s t a n t , the s t r a i n r a t e was held c o n s t a n t , and the l o a d i n g was done i n c y c l e s . The purpose of loading i n c y c l e s was t o o b t a i n d a t a on t h e increase i n t h e y i e l d s t r e n g t h of t h e specimens.
P r i o r t o these tests a s e r i e s of tests was run t o determine the maximum range of v a r i a b l e s t h a t could be obtained w i t h the a v a i l a b l e equipment. It was found t h a t i f t h e loadi n g value on the t e s t i n g machine was placed a t one s e t t i n g , t h e r a t e of s t r a i n was n o t c o n s t a n t throughout t h e course of t h e t e s t b u t o f t e n i n c r e a s e d t o two o r three times i t s o r i g i n a l value. To remedy t h i s d i f f i c u l t y i t was n e c e s s a r y t o a d j u s t
t h e loading valve manually throughout t h e t e s t . The r a t e of s t r a i n was noted by p l a c i n g a p o i n t e r a g a i n s t the r e v o l v i n g drum of t h e stress s t r a i n r e c o r d e r and marking time i n t e r v a l s on the r e c o r d i n g paper. It was found, w i t h p r a c t l c e , t h a t a c o n s t a n t s t r a i n r a t e could be maintained w i t h accuracy up t o speeds of 0.003 in./in./min.
Above t h i s speed, however, t h e drum was r e v o l v i n g t o o f a s t f o r manual adjustment. The lower l i m i t of the r a t e of s t r a i n was found t o be approximately 0.0003 in./in./min due t o the c h a r a c t e r i s t i d s of t h e t e s t i n g machine.
The temperature range was l i m i t e d by t h e r a p i d oxidat i o n of the t e s t specimens a t e l e v a t e d temperatures. S i l v e r p l a t i n g was used t o prevent oxygen from r e a c h i n g t h e s u r f a c e of the t e s t spec.imens, b u t t h i s p l a t i n g broke down a t t e mp e r a t u r e s above 300°C. Some p r e l i m i n a r y time was s p e n t i n a n e f f o r t t o develop a c o a t i n g t h a t would withstand higher temperatures. Sandwich t y p e c o a t i n g s of s i l v e r on copper on s i l v e r and chromium on copper on s i l v e r were found t o be a l i g b t l y more e f f e c t i v e t h a n pure s i l v e r , but no c o a t i n g was found t h a t wou3d prevent o x i d a t i o n from t a k i n g p l a c e throughout s i x l o a d i n g c y c l e s a t 400°C.
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C. Description of a Typical Test
The procedure of a typical elevated temperature test started with the placing of the test specimen into the fittings of the machine, A preliminary load of 250 1b.was put on the specimen after which the extensometer clamps were fastened loosely around it. By fastening the bottom of the clamps into the extensometer frame, the gage blocks were set at the desired gage length of one in. Next, the gage blocks were centered on the specimen and screwed d o w ! .
The lower portion of the clamps were loosened a,t the extensometer and the load was removed. a thermocouple was wired to the surface of the test section and the furnace was lowered. When the temperature of the specimen reached the desired level, the clamps were again fastened to the extensometer. If the strain recorder did not move it was taken as an indication that a state of thermal equilibrium in the specimen had been reached. The loading valve wgs then opened and several preliminary loadings were made in the elast'ic range to "set" the clamps on the specimen. The main portion of the test was then begun, The loading valve was set at the approximate setting required for the desired rate of strain and continually adjusted throughout the loading and unloading portion of the test. A complete test consisted of six loading cycles with a lapse of four minutes between cycles. After the sixth cycle was completed, the extensometer was disconnected and the loading valve was opened to a constant settin which produced an approximate strain rate of 0,003 n~in-~: until failure occurred.
D, Presentation of Data
After the extensometer had been secured to the specimen, The tensile properties of the specimens obtained from the test data are given in Table 11 . All calculations are based on the nominal diameter of the test specimens, 0.252 in., unless the measured diameter fell outside a range of 2 0.002 in, If the measured diameter fell outside this range the actual minimum initial diameter was used for calculations, -stress-strain curve had little or no straight line portion on the first, cycle, The second and following cycles, however, always exhibited a straight-line region. elasticity reported in Table I1 is the average value of the first six cycles. The yield-strengths listed in Table  I11 were computed using the average modulus described above.
In some cases, especially at low temperatures, the
The modulus of Table II T e n s i l e P r o p e r t i e s of t h e Test Specimens + Iu T e s t Tern . S t r a i n S t r a i n Modulus Y i e l d Ultimate P e r cent P e r c e n t S l u g
No.
p e r ~, r a t e of e l a s -s t r e n g t h s t r e n g t h decrease elonga-no.
(PSI o f f s e t c y c l e t i c i t y a t .1 i n a r e a t i o n i n 1 i n . p e r c e n t ( i n . / i n . ' > (min-1) Comparison o f R e s u l t s w i t h T h e o r e t i c a l Equations C e r t a i n t h e o r i e s r e l a t i n g s t r e s s , s t r a i n , s t r a i n r a t e and temperature f o r t e n s i l e tests have been foynd a p p l i c ab l e by v a r i o u s i n v e s t i g a t o r s . I n t h i s s e c t i o n t h e s e theor i e s w i l l be a p p l i e d t o t h e t e s t d a t a t o determine i f t h e proposed r e l a t i o n s e x i s t .
1. Equivalent s t r a i n r a t e parameter t i o n three proposes a r e l a t i o n between stress and s t r a i n r a t e m o d i f i e d by t h e temperature. T h i s r e l a t i o n was shown as:
The e q u i v a l e n t s t r a i n r a t e parameter described i n secwhere T i s the a b s o l u t e temperature expressed i n degrees K e l v f n , and R i s 1.987 c a l deg-1 rno1-l the u n i v e r s a l gas c o n s t a n t . The term Q i s proposed a s a c o n s t a n t of t h e m a t e r i a l and i s a d j u s t e d , presumably by t r i a l and e r r o r , t o g i v e t h e smoothest curve. Figure 13 shows t h e stress corresponding t o a c o n s t a n t s t r a i n o f 0.006 i n . / i n . and 0.018 i n . / i n . p l o t t e d a g a i n s t t h e parameter P based on Q/R = 5,000. The value of Q/R = 5,000 was found t o be approximately a p p l i c a b l e t o most s t e e l s by Zener and Holloman.
2 . V e l o c i t y modified temperature parameter , The ve.locity modlfied temperature was given by equa'-t i o n 5 a s :
where € G i s a r e f e r e n c e s t r a i n r a t e , and was chosen a r b it r a r i l y t o be 0.001 ln./in./mln f o r t h i s i n v e s t i g a t i o n .
The K values were s e l e c t e d a s 0.01 t o f i t t h e d a t a t o the smoothest curve. Macoragor and F i s h e r found the value of K f o r s t e e l t o be approximately 0.01. p l o t of c r a g a i n s t the parameter Tm f o r a c o n s t a n t s t r a i n of 0.006 i n . / i n . and 0.018 i n . / i n .
F i g u r e s 13 and 14 i n d i c a t e g e n e r a l agreement w i t h b o t h t h e o r i e s . Neither t h e o r y a t t e m p t s t o p r e d i c t the shape of t h e curve b u t simply implies t h a t a r e l a t i o n ex%ts. Since b o t h t h e o r i e s a r e somewhat i n s e n s i t i v e t o changes i n s t r a i n 
